Passive direct methanol fuel cells (DMFCs) are promising energy sources for portable electronic devices. Different from DMFCs with active fuel feeding systems, passive DMFCs with nearly stagnant fuel and air tend to bear comparatively less power densities. A steady state, one-dimensional, multi-component and thermal model is described and applied to simulate the operation of a passive direct methanol fuel cell. 
M a n u s c r i p t 2 is therefore suitable for inclusion in real-time system level DMFC calculations. Due to its simplicity the model can be used to help seek for possibilities of optimizing the cell performance of a passive DMFC by studying impacts from variations of the design parameters such as membrane thickness, catalyst loading, diffusion layers type and thicknesses. 
Introduction
Conventional batteries are becoming inadequate for the increasing power requirements of portable electronic devices such as mobile phones, PDA's, laptops and multimedia equipment. Direct methanol fuel cells (DMFCs) are promising candidates as portable power sources because they do not require any fuel processing resulting in a simpler design and operation, higher reliability and operate at low temperatures. DMFCs offer high energy densities, longer runtime, instant recharging and lower weight than conventional batteries. The most significant obstacle for DMFC development is methanol crossover, since methanol diffuses through the membrane generating heat but no power. This problem can be limited if the cell operates with low methanol concentration on the anode. However, this significantly reduces the system energy density since water will produce no power and will take up a large volume in the fuel reservoir. Due to the concentration gradient between the anode and cathode, water There are two types of fuel and oxidant supply in a DMFC: an active and a passive one.
Active systems use extra components such as a pump or blower, a fan for cooling, reactant and product control, which allows the operation of a DMFC at favourable conditions with respect to temperature, pressure, concentration and flow rate. This type of system supply is more complex, has greater costs and lower system energy densities.
More recently, the passive DMFCs have been proposed and investigated [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Passive systems use natural capillary forces, diffusion, convection (air breathing) and evaporation to achieve all processes without any additional power consumption.
Therefore, the fuel cell system becomes much simpler and more compact being more suitable for portable power sources. The passive DMFCs have much lower power density due to the inability to handle the excess water produced on the cathode and crossed from the anode and to the excess of heat lost from the fuel cell to the ambient air. Therefore, the key issues in the portable DMFC system is the thermal and water management [5, 12, [14] [15] [16] [17] .
Performance of a passive DMFC relies on a vast number of parameters, including the methanol feed concentration, efficiencies of methanol and oxygen transport within the different layers, the release rate of gaseous carbon dioxide and its effect on methanol transport, the specific area of catalyst in the catalyst layers, the thickness of the membrane, the gas diffusion layer properties, the rate of methanol and water permeation and so on. Experimental investigating of the impact of these parameters one by one through is not time or cost efficient. In order to help understand the operation of a passive DMFC and locate the key parameters on cell performance, a theoretical model is essential.
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In a previous work Oliveira et al. [18] report an intensive review on the work done in DMFC empirical and fundamental modelling. Despite the number of studies in DMFCs modelling only a few simulate passive DMFCs [6, [19] [20] [21] [22] [23] and only a small part took into account thermal effects [6, 19, 22] .
Since thermal management is a key issue in the portable DMFC system it is important to develop new models accounting for this effect and that can be a simple computeraided tool to the design and optimization of passive direct methanol fuel cells.
Chen et al. [19] As disadvantages, these two models [19, 22] consider the catalyst layers as an interface, so it is not possible to obtain the temperature and concentration profiles in these layers, and the authors assumed that the anode side is well insulated so no heat is lost from the anode side. This assumption may be very unrealistic in a passive DMFC working in a portable system. 
Model development
A schematic representation of a passive-feed direct methanol fuel cell is shown in Fig.   1 , consisting of The direct methanol fuel cell is complex system involving simultaneous mass, charge and energy transfer. In order to simplify the processes occurring in a DMFC the following simplifications and assumptions were made:
 the fuel cell is assumed to operate under steady-state conditions;
 the transport of heat and mass through the gas diffusion and catalyst layers is assumed to be a diffusion-predominated process and the convection effect is negligible;
 mass transport in the diffusion layers and membrane is described using effective Fick models;
 the thermal energy model is based on the differential thermal energy conservation equation (Fourier's law);
 pressure gradient across the layers is negligible;
 only the liquid phase is considered in the anode side, so carbon dioxide remains dissolved in solution;
 gaseous methanol and water are considered in the cathode;
 solutions are considered ideal and dilute;
 local equilibrium at interfaces is represented by partition functions;
 the catalyst layers are assumed to be a macro-homogeneous porous electrode so reactions in these layers are modelled as a homogeneous reaction;  anode kinetics is described by step mechanism, with a rate expression similar to the used by Meyers et al. [25] ;
 the anodic and cathodic overpotential is constant through the catalyst layers;
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 methanol and water transport through the membrane is assumed to be due to the combined effect of the concentration gradient between the anode and the cathode and the electro-osmosis force;
 on the anode side, the heat and mass transfer of methanol from the bulk solution to the ACP is assumed to be driven by natural convection;
 on the cathode side, the heat and mass transfer between the CCP and the ambient occur by natural convection;
 the heat generation by electrochemical reactions occurring in the catalyst layers is considered;
 when compared with the heat generated by electrochemical reactions and overpotential, the heat released by joule effects is ignored;
 the temperatures of the external walls of the cell (T 0 and T 9 in Fig. 1 ) are known;
 the heat flux generated in the catalyst layers is assumed to be constant.
Mass transport
Anode reaction:
Methanol oxidation:
Cathode reaction: The concentration at the AAP/ACP, ACP/AD and AD/AC interfaces is given by assuming local equilibrium with a partition coefficient K 2 , K 3 and K 4 , respectively. The boundary conditions for Eq. (2), (3) and (4) A c c e p t e d M a n u s c r i p t
, j represents methanol or water (8) In fuel cells, all the fluxes can be related to a single characteristic flux, the current density or charge flux of the fuel cell. In the DMFC, the methanol flux is related to the current density and the permeation flux of methanol through the membrane, (
by:
where F represents the Faraday's constant and cell I the cell current density.
At the anode side, the water flux is related to the current density and to the net water transport coefficient,  (defined as the ratio of the net water flux though the membrane from the anode to the cathode normalized by protonic flux), by:
The transport of methanol and water through the membrane is assumed to be due to the combined effect of the concentration gradient and the electro-osmosis force. The fluxes can be determined from:
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The electro-osmotic drag ( (11) and (12), is defined as the number of methanol or water molecules dragged by the hydrogen ions moving through the membrane.
The net water transport coefficient, , can be calculated using the equation (12) .
The concentration at the AC/membrane interface is given by assuming local equilibrium with a partition coefficient K 5 . The boundary conditions for the integration of equations Eq. (11) and (12) is given by
, j represents methanol or water (13) In the cathode catalyst layer, the methanol, water and oxygen flux are related to the concentration gradient by assuming Fickian diffusion [26] with an effective
. The flux can be determined from:
, j represents methanol, water or oxygen (14) It is here considered that the entire methanol crossing the membrane reacts at the cathode catalyst layer so the concentration at the CC/CD interface is zero. It is assumed that there is no oxygen crossover, so the oxygen concentration in CC/M interface is zero. The concentration of water and methanol at the membrane/CC interface and the concentration of water and oxygen at the CC/CD interface are given by assuming local  and
At the cathode catalyst layer, the oxygen reacts with the electrons and protons to produce water. However, part of oxygen fed is consumed due to methanol crossover to form an internal current and a mixed potential. Therefore the oxygen flux is related to the current density and the permeation flux of methanol through the membrane by: At the cathode side, the water flux is related to the water production from the oxygen reduction reaction and methanol crossover oxidation and to the net water flux transported from the anode to the cathode by: 
where i represents oxygen
We assume that the air at the CCP is in a saturated state, then the water vapour feed
) and can be determined from the saturated pressure or moist air.
To account for the effect of methanol crossover on the cathode overpotential it is assumed that the methanol crossing the membrane completely reacts electrochemically at the cathode. In this way the internal current ( Equation (26) is used to calculate the anode overpotential for a given Cell I , assuming A  as constant in the anode catalyst layer AC.
OH CH
At the cathode, the electrochemical reaction is modelled using Tafel equation for the oxygen reduction taking in account the mixed potential. The cathode overpotential can then be determined from: (28) where Ra is the Rayleigh number (
Gr is the Grashof number
, L represents the length of the active area, D the diffusion coefficient, g the gravitational acceleration and  the kinematic viscosity.
Heat transport
Based on the simplifications and assumptions described previously the following overall heat transfer equation can be proposed (see Fig. 1 ):
The total heat generated in the DMFC is equal to the heat losses to the surrounding environment at the anode and cathode.
Complementarly, the following heat transfer balances can be written: In a similar way, the heat generated at the CC, can be determined from
where the first term represents the heat due to the activation and mass transfer overpotentials and mixed potential caused by methanol crossover through the cathode and the second term represents the entropy change of the cathodic electrochemical reaction, with C H  denoting the cathodic reaction enthalpy and C G  , the Gibbs free energy and the third term denotes the entropy change of methanol oxidation reaction on the cathode due to methanol crossover.
In the anode acrylic plate section I and diffusion layer the heat flux 1 Q can be related to the temperature gradient across each layer, using the Fourier's law, as
where l represents AAP sectionI or AD, K the thermal conductivity and A a represents the active area.
In the anode acrylic plate section II the heat flux 1 Q can, also, be related to the temperature gradient across this layer, using Newton's law, as In a passive DMFC the copper plate has holes machined on the surface, to allow the reactant to reach the catalyst layers (Figure 1 ). The establishment of the heat transport equations, in this layer, involved the consideration of two zones. In one zone the heat is transferred by conduction and in the other (holes) the heat is transferred by convection.
Using the thermal resistance concept [27] we get: 
where dx dT is calculated using the temperature profile obtained from the integration of equations (42) and (43).
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Finally, the heat transfer from the AAP section I and CCP to the ambient air can be described using the Newton's cooling law as
The heat transfer coefficient, due to natural convection in Eq. and Gr is the Grashof number
Cell performance
The determination of methanol and oxygen concentrations at the catalyst layers, the temperature profiles and the anodic and cathodic overpotentials from the model equations enables prediction of the cell voltage, which can be expressed as: The results presented in the next section were obtained based on the parameters listed in Table 1 .
Experiment
The experimental fuel cell consists of two acrylic end plates (open on the cathode side and with a reservoir on the anode side), two isolating plates, two gold plated copper connector plates (with 36 holes with a diameter of 6 mm to allow the reactants supply), two diffusion layers, two catalyst layers and a membrane. The membrane used was Nafion 115 the catalyst was Pt-Ru on the anode side with a loading of 4 mg/cm 2 and Ptblack on the cathode side with a loading of 4 mg/cm 2 . The anode and cathode gas diffusion layers used carbon cloth from E-TEK, with a PTFE content of 30 wt.% (Fig   2) .
In the experiments, a DMFC with an active area of a 25 cm 2 was used operating at A c c e p t e d M a n u s c r i p t 23 system and a linear electronic load [31] . The loadbank subsystem acts as a large variable power resistor which is capable of controlling the amount of impedance by selecting either how much current is passed through the loadbank, the voltage across the loadbank or power dissipated by the loadbank. The computer constantly monitors both current and voltage and these parameters are used to calculate and track the amount of power that the loadbank is dissipating at any one time.
Results and discussion
The developed model for the passive feed DMFC is rapidly implemented with simple numerical tools: Matlab and Excel.
In this section, examples of model predictions obtained after implementation of the model are presented. The conditions chosen to generate the simulations are similar to those used by the authors in their experiments. Since in passive DMFC systems the temperature rises with time due to the electrochemical reactions, in order to minimize this effect on the results presented in this section all the experiments were conducted at a controlled temperature, ensuring a constant temperature value during each experiment.
In Figure 3 the predicted polarization curves for 1M to 5M methanol solutions, are
presented. The open-circuit voltage is much lower than the thermodynamic equilibrium cell voltage as a result of methanol crossover. It can be seen that the fuel cell performance increases with an increase of the methanol feed concentration. Although for a 5M methanol concentration the performance decreases. This is due to the fact that higher methanol concentrations result in a higher methanol crossover. At the cathode side, methanol reacts with the oxygen to form a mixed potential. Hence, a higher methanol concentration leads to a higher mixed potential, thereby causing a lower cell performance. As we can see in Fig. 3 the present model describes well the experimental A c c e p t e d M a n u s c r i p t 24 results for all the range of current densities due to the integration, on the model, of the mass transfer effects at the cathode side. In Figure 4 data from Pan [3] was used to validate the model with results from other authors and already published. This work was chosen since the operating and design parameters used were similar to those reported in the present work. In Fig. 4 the predicted polarization curves for 1M and 3M methanol solutions, for a fuel cell temperature of 25ºC, are presented. According to this figure model predictions are close to experimental data presented by Pan [3] . The trends of the influence of the methanol concentration on fuel cell performance predicted in this paper are in accordance to the ones proposed by other authors [4, [7] [8] [9] [10] [11] [12] 19, 22] .
Predicted methanol concentration profiles across de anode and membrane, are depicted in Figure 5 , when the cell is feed with a 3M methanol solution at current densities of 10, 30 and 50 mA/cm 2 . During the time considered for the analysis, the concentration profile at the methanol reservoir in the anode acrylic plate slightly decreases near the interface with the copper plate due to the fact that the diffusion of methanol occurs by natural convection (see Eq. (1)). In the other layers, the methanol concentration decreases due to mass transfer diffusion, methanol consumption in the catalyst layer and the methanol crossover through the membrane toward the cathode side. As can be seen by the plots of the concentration profile in the membrane presented in this figure the methanol crossover rate in the membrane decreases with the increase of current density. A c c e p t e d M a n u s c r i p t 25 loss in efficiency due to methanol crossover. As can be seen in Fig. 6 , and as expected the leakage current increases with methanol concentration and decreases with current density. In this way, the leakage current and consequently the methanol crossover can be reduced by running the cell at low methanol concentrations and high current densities. The model predictions presented in this work concerning the methanol transport through the membrane are in accordance to previous work done by Abdelkareem et al. [7] , Zhao et al. [12] , Kho et al. [13] and Chen et al. [22] . Abdelkareem et al. [7] , Zhao et al. [12] , Song et al. [15] and Xu et al. [16] . The trends of the influence of the methanol concentration on the net water transport coefficient predicted by the model presented in this paper are in accordance to the ones proposed by these authors. A c c e p t e d M a n u s c r i p t 27 is higher than that in the cathode. This is because the heat generation rate by the anodic overpotential is higher than the endothermic heat demanded by the electrochemical reaction of methanol oxidation. With an increase in current density the difference between the anode and the cathode side increases as is evident in Fig. 11 .
Conclusions
Based on the growing effort on the development of an efficient passive DMFC system and in order to help understand the operation of a passive DMFC and the key parameters on cell performance, a steady state, one-dimensional, multi-component and thermal model is presented, in this paper.
The model predicts the effect of the operating conditions (such as methanol concentration and fuel cell temperature) and the design parameters (the specific area of catalyst in the catalyst layers, the thickness of the membrane, the gas diffusion layer properties and thickness) on the fuel cell performance and power and on the water and methanol crossover. Due to their simplicity the model can be used to analyze the performance of a passive DMFC and to determine a single key (operating and design) parameter or combined parameters that would promote its efficiency most effectively.
The model, also, predicts the methanol, oxygen and water concentration profile across the cell, as well as the temperature profile.
In this work, special attention is devoted to the effects of the methanol concentrations and the current density on the methanol and water crossover toward the cathode side.
The model predicts the correct trends of the transport phenomena's in the passive DMFC and is in accordance with the experimental results and with published data [3] .
As expected, high methanol concentrations achieve lower fuel cell performances due to the higher methanol crossover rates generated, however using lower methanol A c c e p t e d M a n u s c r i p t 28 concentrations significantly reduces the system energy density since more water is present on the anode side, will produce no power and will take up a large volume in the fuel reservoir. Thus, reducing the methanol transport from the anode to the cathode and the water content on the anode side is of significant importance to achieve higher cell A c c e p t e d M a n u s c r i p t 
